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FOREWORD 

This  final  report  is  divided  into  four  independently  written  sections. 

1.  Coarsening  of  6'  (Al3Li)  Precipitates  in  an  Al-2.7Li-.32Mn  Alloy. 

2.  The  Influence  of  Zirconium  on  the  Coarsening  of  8'  (Al3Li)  in  an  Al-2.7Li- 
0.14Zr  Alloy. 

3.  The  Influence  of  (5'(Al3Li)  Volume  Fraction  on  the  Kinetics  of  8'  Coarsen¬ 
ing  and  the  Shape  of  the  5 '  (Al3Li)  Particle  Size  Distributions  (PSD’s). 

4.  Preliminary  Differential  Scanning  Calorimetry  (DSC)  Results  in  the  Al-Cu- 
Mg-Li  System. 
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SUMMARY 

The  first  section  of  this  report  describes  the  results  of  a  quantitative  transmission 
electron  microscopy  (TEM)  investigation  of  the  precipitation  process  of  the  metastable 
6'(Al3Li)  phase  in  Al-2.7  wt%  Li-0.3  'wt%  Mn.  Isothermal  aging  times  were  varied 
from  12  hours  to  12  weeks  at  three  aging  temperatures:  168°,  200°,  and  225°C.  Particle 
size  distributions  (PSD’s)  were  determined  for  various  aging  times  at  the  three  aging 
conditions.  The  growth  of  was  found  to  obey  Ostwald  ripening  kinetics.  A  sym¬ 
metrical  distribution  was  found  to  more  closely  approximate  the  experimental  PSD’s 
rather  than  the  negatively  skewed  or  log-normal  distribution,  predicted  by  many  of  the 
Ostwald  ripening  theories.  These  results  were  presented  in  the  last  final  report  "Precipi¬ 
tation  Mechanics  in  Aluminum-Lithium  Alloys,”  Naval  Air  Systems  Command  Contract 
No.  N00019-81-C-0471,  Final  Report,  September  1983;  however,  they  have  been  further 
analyzed  in  this  report  and  considered  in  light  of  the  current  theories  of  coarsening. 

The  second  section  describes  the  results  of  the  influence  of  zirconium  on  the  coar¬ 
sening  behavior  of  5'.  The  results  clearly  show  that  the  6'  nucleates  on  the  pre¬ 
existing  Al3Zr  particles.  The  nucleation  on  these  particles  was  shown  to  affect  the  inter- 
— <1 

cept  of  the  R  versus  time  relationship  of  the  particles  containing  the  Al3Zr  but  not  the 
Al3Li  particles  not  containing  Al3Zr.  The  presence  of  Zr  affects  the  PSD's  of  all  b '  par¬ 
ticles  not  just  the  ones  which  contain  Al3Zr.  Furthermore,  the  contrast  of  the  Al3Zr, 
Al3Li  precipitates  indicates  that  the  Al3Zr  precipitates  are  not  completely  ordered  as  has 
been  previously  suggested. 

The  third  section  describes  the  coarsening  in  a  series  of  binary  Al-Li  alloys.  The 
nominal  compositions  were:  from  Al-3Li  to  Al-4.5Li.  Aging  was  carried  out  at  200°  and 
22.S°C  on  these  systems  and  compared  to  the  results  presented  in  Section  1  of  this 
report.  From  this  systematic  study  it  was  observed  that  increasing  the  volume  fraction 
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of  S'  by  increasing  the  amount  of  lithium  in  the  alloy  increased  the  rate  of  coarsening 
at  a  given  aging  time  and  temperature,  and  that  as  the  volume  fraction  of  S '  changes, 
the  shape  of  the  PSD  changes.  In  dilute  alloys  the  distribution  function  is  asymmetrical 
and  negatively  skewed,  and  becomes  more  symmetrical  with  increasing  S'  and  in  the 
high  volume  fraction  alloy  (Al-5Li),  the  PSD  is  asymmetrical,  but  positively  skewed. 

The  fourth  section  summarizes  the  first  experimental  DSC  results  on  the  Al-Li- 
Cu-Mg  alloys. 
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COARSENING  OF  ^'(AlaLi)  PRECIPITATES 
IN  AN  Al-2.7Li-.32Mn  ALLOY 


INTRODUCTION 

Coarsening  Theory 

The  ideas  of  precipitate  coarsening  were  first  formulated  by  Ostwald  [I-l]  in  1900. 
The  coarsening  process  or  Ostwald  ripening  as  it  is  often  called,  describes  the  change  of 
the  average  particle  size  with  increasing  time  while  the  number  of  the  dispersed  phase 
particles  decreases  to  maintain  a  constant  volume  fraction  of  precipitate.  Observations 
show  that  during  the  coarsening  process  the  larger  particles  grow  at  the  expense  of  the 
smaller  ones,  and  a  particle  size  distribution  (PSD)  develops  following  some  kind  of  pat¬ 
tern  regardless  of  the  initial  PSD.  The  driving  force  for  the  coarsening  process  is  the 
reduction  in  the  free  energy  associated  with  the  decrease  in  surface  area  of  the  particles 
during  growth. 

Because  of  the  importance  of  precipitate  stability  in  commercial  alloys  the  coarsen¬ 
ing  process  has  been  studied  theoretically  and  experimentally  by  numerous  investiga¬ 
tors.  Zener  [1-2]  and  Greenwood’s  [1-3]  pioneering  work  on  this  subject  pointed  out  that 
coarsening  is  a  diffusion-controlled  process  and  they  developed  a  relationship  which 
showed  the  change  of  particle  size  is  proportional  to  (Dt)*/“  and  t*/^,  respectively.  In 
these  relationships  D  refers  to  the  diffusivity  and  t  the  time. 

In  1961,  Lifshitz,  Slyozov  [1-4]  and  Wagner  [1-5]  established  a  unified  theoretical 
analysis  (LSW  theory)  which  incorporated  the  diffusion,  continuity,  and  mass  balance 
equations  together,  giving  a  result  of  R  a  t*^^.  These  authors  also  showed  a  theoretical 
asymmetrical  PSD,  and  described  the  effect  of  volume  fraction,  elastic  strain,  and  aniso¬ 
tropy  on  the  coarsening  process.  Unfortunately,  there  is  a  great  disparity  between 
either  the  theoretical  PSD  or  the  effect  of  volume  fraction  on  the  experimentally  deter¬ 
mined  PSD’s.  Therefore,  modifications  [1-6  -  1-8,1-12]  have  been  made  in  order  to 
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produce  a  better  fit  of  theoretical  PSD’s  to  actual  experimental  PSD’s.  Ardell  [1-6],  for 
example,  advanced  a  modified  LSW  theory  (MSLW  theory)  in  1972.  Introducing  the 
influence  of  precipitate  volume  fraction  into  the  diffusion  equation  by  using  a  modified 
diffusion  geometry,  Ardell  showed  that  the  change  of  R  is  still  proportional  to  t'/^  how¬ 
ever  the  growth  rate  of  the  particles  increases  as  the  volume  fraction  increases.  Com¬ 
parison  of  Ardell’s  theory  with  experimental  data  indicates  that  his  mode!  overesti¬ 
mates  the  influence  of  the  volume  fraction  on  coarsening. 

Since  1972  new  models  and  modifications  have  been  presented  [I-7,I-8|.  For  exam¬ 
ple,  in  1980,  the  possibilities  of  particle  encounters  (particle  coalescence)  in  systems  con¬ 
taining  large  volume  fractions  of  precipitates  was  presented  by  Davies,  Nash  and 
Stevens  [1-8].  Their  model  is  referred  to  as  the  Lifshitz-Slyozov  encounter  modified 
(LSEM)  theory.  Their  predicted  PSD’s  and  average  growth  rates  are  in  good  agree¬ 
ment  with  experimental  data.  These  PSD’s  tend  to  be  symmetric  about  a  mean  value. 
The  shapes  of  the  theoretical  PSD’s  for  the  different  theories  are  presented  in  Figures 
I-l  -  1-3.  In  these  figures  the  abscissa  is  the  ratio  of  the  calculated  precipitate  size  to 
the  average  precipitate  size  and  the  ordinate  is  the  frequency  of  occurrence  of  a  particu¬ 
lar  ratio.  There  are,  however,  two  features  which  all  the  recent  theories  have  in  com¬ 
mon.  All  theories  reduce  to  the  LSW  theory  in  the  limit  of  zero  volume  fraction  of  pre¬ 
cipitate,  and  they  predict  a  linear  relationship  of  the  mean  particle  size  cubed  versus 
the  aging  time. 

Because  of  the  importance  and  the  number  of  recently  published  theoretical  ana¬ 
lyses  on  the  coarsening  process  an  experimental  study  of  the  coarsening  process  in  a 
model  system  would  be  timely. 
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l‘re.cipitation  in  Al-Li  AUoyn 

When  Al-Li  alloys  with  sufficient  solute  are  quenched  from  the  single  phase  field  and 
subsequently  aged  below  the  critical  temperature  that  defines  the  metastable  miscabil- 
ity  gap,  decomposition  of  the  supersaturated  solid  solution  occurs  by  homogeneous  pre¬ 
cipitation  of  the  ordered  LI2  phase  Al3Li(6  ')  [1-9  -  Ml],  The  similarity  in  crystal 
structure  and  lattice  parameter  of  the  b  ‘  and  the  fee  matrix  results  in  a  small  misfit 
strain  [1-12]  and  spherical  precipitates.  Subsequent  coarsening  of  the  6  '  precipitates 
has  been  described  by  LSW  coarsening  kinetics  [1-9  -  1-11]  with  the  average  radius  vary¬ 
ing  as  (time)*/^. 

Because  the  Al-Li  system  contains  spherical  precipitates  with  little  strain,  it  makes 
an  ideal  system  to  study  coarsening.  This  paper  will  present  experimental  PSD’s  from 
b  '  precipitate  measurements  in  Al-2.8Li-.3Mn  and  compare  the  form  of  the  PSD’s  to 
those  presented  in  various  models  of  Ostwald  ripening.  The  linear  relationship  of  the 
mean  particle  size  cubed  versus  aging  time  for  b  ’  will  also  be  examined. 


EXPERIMENTAL  PROCEDURE 

An  aluminum-lithium  alloy  of  composition  described  in  Table  I-l  was  cast,  hot  and 
cold  rolled  to  a  thickness  of  2.5  mm.  The  rolled  sheet  was  then  sectioned  into  1  cm  x  1 
cm  pieces.  The  sectioned  samples  were  solution  heat  treated  for  1/2  hour  at  550"C  in  a 
noncorrosive  salt  bath  and  then  quenched  in  cold  water. 

The  samples  were  aged  for  different  periods  of  time  ranging  from  12  hours  to  12 
weeks  at  three  temperatures:  168°C,  200"C,  and  225”C.  The  aging  conditions  arc  sum¬ 
marized  in  Table  1-2.  The  samples  were  prepared  for  both  optical  and  transmission 
electron  microscopy  (TEM). 
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Central  dark  field  (CDF)  images  were  found  to  give  good  contrast  between  images 
of  the  6  '  precipitates  and  the  matrix.  Lattice  images  were  formed  on  selected  samples 
to  determine  the  nature  of  the  S  '  precipitates. 

Particle  size  measurements  were  made  directly  from  the  negatives  using  a  semi¬ 
automatic  EyeCom  II  image  analyzing  system.  The  EyeCom  11  is  interfaced  with  a 
DEC  PDP-11  minicomputer  which  was  programmed  to  collect,  store,  and  manipulate 
the  raw  data. 


RESULTS 

The  structure,  as  determined  by  optical  microscopy,  was  fully  recrystallized  with  a 
grain  size  of  approximately  ASTM  5  (3910  grains/mm^).  TEM  revealed  the  presence  of 
the  ordered  Al3Li  precipitates  (6  ')  and  also  the  larger,  incoherent  AlsMn  dispersoids. 

By  taking  a  number  of  TEM  micrographs  at  a  particular  aging  condition  and  com¬ 
piling  all  the  measurements,  a  PSD  was  constructed.  An  example  of  a  PSD  is  shown  in 
Figure  1-4.  The  number  of  particles  counted  per  aging  condition  are  summarized  in 
Tables  1-3  -  1-5.  In  order  to  compare  the  experimental  PSD’s  to  a  normal  distribution, 
a  numerical  analysis  of  the  data  was  employed.  An  example  is  shown  in  Figure  1-5 
where  the  open  circles  represent  the  data  and  the  solid  line  the  fitted  normal  curve. 

To  determine  if  antiphase  boundaries  (APB’s)  were  present  in  individual  precipi¬ 
tates,  lattice  images  were  formed  using  the  (100)^  >,  (000)  and  (100)^  '.  Inspection  of  the 
lattice  images  did  not  reveal  any  antiphase  boundaries. 
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DISCUSSION 

Examination  of  the  TEM  foils  at  the  different  conditions  revealed  that  the  precipi¬ 
tates  remained  coherent  and  roughly  spherical  through  the  aging  conditions  investi¬ 
gated.  These  qualities  make  this  system  ideal  for  examining  in  detail  the  phenomenon 
of  Ostwald  ripening  and  for  relating  the  data  to  theories  in  the  literature. 

While  models  for  ripening  may  disagree  on  the  form  of  the  theoretical  PSD,  there  is 
complete  agreement  on  the  functional  dependence  of  the  mean  particle  size  R  versus 
aging  time  for  diffusion  controlled  growth.  The  equation  is  of  the  form; 

-  R^o  =  Kt 

with  Rco  initial  critical  size  for  growth,  and  K  a  rate  constant  incorporating  tem¬ 
perature,  surface  tension  between  particle  and  matrix,  the  equilibrium  solute  concentra¬ 
tion,  and  the  molar  volume.  K  in  Equation  I-l  is  defined  by  the  relationship: 

_  8  s  D  Cg  jj^o] 

9RT 

where  D  is  the  diffusion  coefficient  of  solute  within  the  matrix.  Cg  the  equilibrium 
solute  concentration  of  the  matrix  at  the  aging  temperature  T,  s  the  interfacial  free 
energy  of  the  precipitate,  and  the  molar  volume  of  the  precipitate. 

Plotting  the  experimental  values  for  the  cube  of  the  radii  versus  aging  time,  as 
required  by  Equation  I-l,  produces  a  plot  a.s  shown  in  F^igure  1-6.  The  values  for  the 
constants  K  and  Rqq  are  found  in  Table  1-6. 

Examining  the  extrapolated  values  of  Rcoi  systematic  positive  or  negative 
values  were  observed.  The  vahies  of  R(^q  are  located  around  R(-o  —  0.  which  has  been 
identified  by  other  workers  in  this  system  [I-O.  I- 10]  to  be  a  reasonable  value  for  R^■(). 
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When  Rco  is  taken  to  be  zero,  or  when  R^q  <<  R,  Equation  I-l  reduces  to 


R  =  K  t’/=* 


11-31 


The  average  particle  size  versus  for  the  different  experimental  conditions  are  plot¬ 
ted  in  Figure  1-7.  A  ’’least-squares”  line  is  included  on  the  plot.  The  extrapolation  to 
t  =  0  of  the  ’’least-squares”  lines  are  summarized  in  Table  1-7.  The  intercept  values  are 
approximately  zero  suggesting  that  the  assumption 

R  Q  t'/3 

was  reasonable.  For  the  Al-Li  system  this  result  implies  that  the  precoarsening  regime 
is  very  short  or  does  not  exist  at  all. 

TEM  method  for  size  measurements  appears  to  be  satisfactory  over  the  range  of 
particle  sizes  examined  in  this  research,  where  the  matrix/particle  interface  is  well 
resolved  and  the  precipitate  overlap  is  small.  However,  further  work  at  shorter  aging 
times  cannot  be  accomplished  easily  u.sing  TEM  due  to  statistical  sampling  problems 
but  will  require  small  angle  scattering  techniques,  for  example. 

Inspection  of  the  various  PSD’s  indicated  that  the  distributions  may  be  better 
described  by  a  normal  distribution  rather  than  the  log-normal  distribution  predit  ted  by 
the  LSW  theory.  Therefore,  the  model  that  the  distribution  function  could  be 
represented  by  a  normal  distribution  was  examined  using  the  \”  test.  The  results  of 
the  \"  test  are  summarized  in  Table  1-8.  For  a  majority  of  the  aging  conditions  investi¬ 
gated  a  normal  distribution  could  be  used  to  model  the  PSD’s.  A  representative  set  of 
data  in  which  the  normal  distribution  satisfies  the  criterion  is  illustrated  in  P'igure 
1-5.  Alternatively  a  set  of  data  in  which  the  X"  test  indicated  that  the  normal  distribu¬ 
tion  was  not  an  appropriate  function  to  describe  the  distribution  is  shown  in  Figure  1-8, 
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Although  all  the  data  did  not  strictly  lit  the  criterion  of  accepting  the  normal  distri¬ 
bution  hypothesis  close  inspection  of  Figure  1-8  and  Table  1-8  might  suggest  i^  could  be 
used.  For  example  in  Table  8  several  of  the  replicated  amples  were  divided  as  to 
whether  they  accepted  or  rejected  the  hypothesis. 

An  alternative  method  of  examining  the  PSD’s  is  to  plot  the  normalized  frequency 
(that  is,  the  frequency  of  a  particular  class  interval  is  divided  by  the  frequency  from  the 
class  interval  with  the  highest  frequency,  then  multiply  that  result  by  100),  versus  the 
normalized  diameter  (D/D).  This  type  of  relationship  is  shown  in  Figure  1-9.  The  nor¬ 
malized  data  set  shown  in  Figure  1-9  is  the  same  data  as  shown  in  Figure  1-4.  This  nor¬ 
malizing  procedure  was  followed  for  each  data  set.  Injp<'^'tion  of  the  resulting  normal¬ 
ized  histograms  revealed  that  they  were  virtually  identical  in  form.  Therefore  a  compo¬ 
site  distribution  function  was  constructed  to  represent  the  sum  of  all  the  data.  The 
composite  distribution  was  constructed  by  summing  the  frequencies  of  a  particular  nor¬ 
malized  class  interval  over  all  the  data  sets.  This  composite  histogram  is  shown  in  Fig¬ 
ure  I-IO. 

In  order  to  compare  the  composite  distribution  with  the  individual  normalized  dis¬ 
tribution,  the  frequency  was  normalized  according  to  the  scheme  outlined  above.  Fig¬ 
ures  I-ll  and  1-12  compare  the  normalized  distribution  for  the  combined  data  with  the 
48  hours  at  200”C  aging  data,  and  the  combined  data  with  8  w^eks  at  200"C  aging 
data,  respectively.  These  two  aging  times  were  used  since  they  represented  the 
minimum  and  maximum  aging  times  investigated  at  200"C.  There  is  good  agreement 
between  the  form  of  the  composite  distribution  and  the  individual  distribution. 

To  determine  if  a  functional  relationship  existed  between  the  average  particle  size. 
D,  and  the  standard  deviation,  s,  of  the  distributions  we  examined  this  relationship  as 
shown  in  Figure  1-13.  It  is  apparent  from  Figure  1-13  that  a  simple  linear  relationship 
exists  between  s  and  D.  I  sing  linear  regression  analysis  and  a  mode!  of  the  form: 
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s  —  niD  +  b  , 


[1-51 


where  m  and  b  are  the  constants  to  be  evaluated,  the  analytical  expression: 

s  =  0.272D  -  2.22 


was  determined.  This  relationship  indicates  that  the  PSD  depends  only  on  the  extent 
of  aging  or  the  integrated  effect  of  time  and  temperature.  Thus,  the  PSD  can  be  calcu¬ 
lated  from  D  by  this  simple  expression  and  assuming  a  normal  PSD. 

A  further  simplification  of  the  above  analysis  can  be  made.  Since  the  constant  b  is 
small,  one  can  force  the  constant  to  be  zero,  and  use  the  average  of  s/D.  (Tables  I-O  - 
I-ll)  as  the  slope.  From  our  data  this  simplified  relationship  is; 

s  =  0.268D.  f'"'! 

If  this  simple  relationship  can  be  shown  to  be  general  for  other  Al-Li  alloys  it  would 
permit  the  determination  of  the  entire  distribution  by  knowing  only  the  average  parti¬ 
cle  size,  D.  The  average  value  of  the  diameter  is  easier  to  determine  than  the  complete 
PSD. 

Comparison  of  the  experimental  PSD’s  to  various  Ostwald  ripening  theories  results 
in  some  interesting  discrepancies.  In  all  cases  examined,  the  experimentally  found  PSD 
can  be  approximated  by  a  normal  distribution.  This  result  is  not  predicted  by  all  the 
theories. 

The  main  foundation  work  of  modern  Ostwald  ripening  theory  is  the  LSW  theory 
[1-4,  1-5].  The  PSD  predicted  by  this  theory  is  illustrated  in  Figure  I-l.  This  theoreti¬ 
cally  derived  PSD  is  not  symmetric,  but  rather  log-normal.  There  is  a  cut-off  at  1.5 
times  the  mean  particle  size.  Experimental  observations  in  this  research  clearly  show 
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that  larger  sizes  do  exist,  and  the  distribution  function  is  more  symmetrica!  about  the 
mean. 


A  modification  of  the  theory,  the  MLSW  (Modified  Lifshitz-Slyozov-Wagner)  theory, 
was  proposed  by  Ardell  [1-6].  The  MLSW  theory  produced  a  theoretical  PSD  which 
incorporated  the  volume  fraction  of  precipitates  as  a  controlling  parameter,  producing 
theoretical  PSD’s  of  the  form  shown  in  Figure  1-2  [1-6].  In  this  model,  the  theoretically 
determined  PSD  does  approach  symmetric  behavior  at  volume  fractions  approaching 
unity.  The  MLSW  model  predicts  a  slightly  asymmetric  PSD,  with  a  slight  deviation 
of  the  maximum  frequency  value  away  from  the  mean  particle  size  R.  Although  this  is 
a  closer  approximation  to  the  experimental  results  presented  in  this  investigation,  the 
limitation  of  MLSW  theory  is  that  it  overestimates  the  influence  of  volume  fraction  on 
the  growth  rate  of  particles  [1-8]. 

Similarly,  the  model  proposed  by  Brailsford  and  Wynblatt  [1-7],  which  also  depends 
upon  volume  fraction  as  a  controlling  parameter,  predicts  an  asymmetric  PSD  and  is 
thus  inconsistent  with  the  experimentally  found  PSD’s.  The  asymmetry  of  the  theoret¬ 
ical  PSD  represents  a  considerable  problem  which  must  be  reconciled. 

Of  all  the  models  surveyed,  the  LSEM  (Lifshit z-Slyozov  Encounter  Modified)  theory 
predicts  symmetric  PSD’s  and  the  existence  of  particles  whose  upper  limit  is  twice  the 
mean  particle  size  [1-8].  The  LSEM  model  takes  into  account  the  encounters  between 
close  precipitates  to  combine  and  form  particles  of  volume  fraction  equal  to  the  sum  of 
the  individual  particle  volume  fractions.  Lifshitz  and  Slyozov  acknowledge  encounters 
in  their  work  but  do  not  predict  a  symmetrical  distribution,  while  MLSW  and 
Brailsford-Wynblatt  models  do  not  consider  these  events  to  be  significant.  The  LSEM 
theory  describes  the  change  in  the  theoretical  PSD  with  the  inclusion  of  encounters, 
broadening  the  PSD.  This  broadening  of  the  curves  can  be  seen  in  Figure  1-3.  as  com¬ 
pared  to  the  theoretical  PSD’s  of  the  previously  discussed  theories.  It  is  especially 
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important  to  note  that  values  near  two  times  the  mean  particle  size  are  probable  in  the 
LSEM  theory. 

Since  the  idea  of  encounters  is  central  to  the  LSEM  theory,  it  must  be  considered  in 
more  detail.  Encounters  between  precipitates  may  be  identified  in  two  different  ways. 
Davies  et  al.  identified  encounters  by  the  shape  of  the  particles.  For  example,  in  micro¬ 
graphs  taken  of  extraction  replicas  of  a  Ni-Co-Al  alloy  containing  Ni3.\l  type  precipi¬ 
tates  they  showed  many  examples  of  particle  contact  illustrated  by  ”L”  shaped  parti¬ 
cles  and  necks  between  the  particles.  Consequently,  one  method  is  to  examine  the 
ov  rail  shape  of  individual  particles.  8  '  precipitates  are  approximately  spherical,  pro 
ducing  an  aspect  ratio  near  1.00,  where  the  aspect  ratio  is  defined  as  the  ratio  of  the 
minor  axis  to  the  major  axis.  If  an  encounter  occurs  between  two  precipitates,  this 
aspect  ratio  will  deviate  significantly  from  unity,  producing  a  value  of  .hO  when  two 
identical  dimension  precipitates  meet.  The  occurrence  of  particles  with  aspect  ratios 
between  .50  to  .80  may  indicate  the  possibility  of  an  encounter.  A  cumulative  distribu¬ 
tion  of  aspect  ratios  is  shown  in  Figure  1-14.  Less  than  4*^  of  measured  particles  had 
an  aspect  ratio  less  than  .80.  If  an  aspect  ratio  <  .80  is  used  as  a  criterion  of 
encounter  events,  the  number  of  encounters  is  quite  small  and  perhaps  not  significant. 

The  idea  of  encounters  may  also  be  examined  in  a  different  light.  Consider  two  pri*- 
cipitates,  as  shown  in  Figure  1-15,  having  an  LU  structure  like  8  '.  with  the  aluminum 
in  Ihe  face  center  positions  and  the  lithium  in  the  corner  positions.  During  aging,  the 
precipitates  will  grow  forming  spherical  precipitates,  as  shown  in  Figure  1-16.  If  aging 
continues,  the  precipitates  will  continue  to  grow  and  the  separate  precipitates  will  meet 
and  form  a  new,  larger  precipitate.  Unless  there  is  a  lattice  registry  between  the  two 
precipitates,  an  antiphase  domain  boundary  (APB)  will  form,  shown  in  Figure  1-17.  In 
the  FCC  structure  there  is  a  50-50  probability  that  an  APB  will  form.  The  existence  of 
some  encounters  might,  therefore,  be  identified  by  the  presence  of  an  APB  within  a  pre¬ 
cipitate.  If  the  LSF^M  model  indeed  fits  the  ripening  of  8  '  precipitates,  some  .‘VFB’s 
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should  be  found  in  some  8  '  precipitates.  No  APB’s  were  found  in  any  of  the  images 
examined,  suggesting  that  if  encounters  occur  between  precipitates  they  might  be  lim¬ 
ited  to  those  precipitates  which  are  in  crystallographic  registry. 

The  physical  description  of  the  coalesence  model  proposed  by  Davies  et  al.  [1-8]  has 
been  recently  questioned  by  Doherty  on  the  grounds  that  it  w’ould  be  difficult  to  feed 
solute  between  the  narrowing  gap  of  the  two  coalesing  precipitates  [1-13].  As  an  alter¬ 
native  mechanism  Doherty  proposed  that  two  precipitates  are  actually  attracted  toward 
one  another  and  they  move  together.  The  driving  force  for  this  attraction  is  the  remo¬ 
val  of  the  elastically  strained  matrix  lying  between  the  two  coherent  precipitates  and 
that  increasing  the  precipitate/matrix  misfit  would  increase  the  driving  force  for  the 
reaction.  To  substantiate  his  model  Doherty  refers  to  the  published  results  of  a  coar¬ 
sening  study  reported  by  Rastogi  and  Ardell  [1-14].  They  found  a  relationship  between 
the  absolute  value  of  the  lattice  misfit  and  the  corresponding  deviation  of  the  experi¬ 
mental  from  the  theoretical  cut-off  radii,  p  —  1.5  (see  Figure  I-l  for  the  cut-off  of  the 
LSW  model).  Increasing  the  absolute  misfit  broadened  the  PSD  by  increasing  the 
observed  cut-off. 

In  the  case  of  Al-Li  alloys  the  misfit  is  very  low  (the  absolute  value  of  the  strain  is 
less  than  0.\%)  [I-IO]  and  yet  the  particle  size  distribution  is  broad  with  an  observed 
cut-off  of  1.75. 

From  our  metallographic  examinations  it  is  therefore  not  evident  that  encounters  as 
envisaged  by  the  simple  idea  of  spontaneous  coalesence  of  two  particles  into  one  larger 
particle  either  by  the  model  proposed  by  Davies  et  al.  or  that  proposed  by  Doherty 
occurs  in  this  particular  Al-Li  alloy.  Although  the  coalesence  may  be  a  method  to 
mathematically  model  the  coarsening  process  and  produce  more  realistic  PSD’s  it  does 
not  appear  to  be  the  physical  description  by  which  we  can  account  for  the  broad,  sym¬ 
metrical  PSD’s. 
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SUMMARY  AND  CONCLUSIONS 

It  was  observed  for  an  Al-2.8Li  alloy  the  growth  of  8  '  precipitates  was  found  to 
obey  an  Ostwald  ripening  growth  mechanism.  The  form  of  the  experimental  PSD's  of 
8  '  was  determined  to  be  a  distribution  function  which  may  be  approximated  by  a  nor¬ 
mal  distribution. 

An  analytical  expression  of  the  form: 

s  =  0.268D 


was  found  to  relate  the  standard  deviation,  s,  of  the  PSD  to  the  average  particle  size. 
D. 


In  comparing  the  experimental  results  to  various  theories  of  Ostwald  ripening,  it 
was  observed  that  none  of  the  surveyed  theories  represented  an  accurate  description  of 
what  occurred  in  this  Al-Li  system.  The  LSW,  MLSW  and  Brailsford-Wynblatt  models 
were  unable  to  predict  a  symmetrical  PSD.  While  the  LSEM  model  does  predict  a 
symmetrical  PSD,  the  lattice  images  and  an  analysis  of  the  precipitate  shape  of  the  8  ' 
particles  does  not  support  spontaneous  coalescence  of  two  particles  as  part  of  the  coar¬ 
sening  process  in  this  alloy. 
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TABLE  I-l. 

COMPOSITION  OF  THE  AI-Li  ALLOY 
(given  in  weight  percent) 


Li 

Mn 

Fe 

Si  A1 

2.78 

0.32 

0.06 

0.04  Balance 

TABLE  1-2. 

AGING  CONDITIONS  USED  FOR  THE  DETERMINATION  OF 
PARTICLE  SIZE  DISTRIBUTION  (PSD)  FUNCTIONS 


AGING  TLME 

168°C 

TEMPERATURE 

200"C 

225‘’C 

12  hours 

4.32  X 

10“*  seconds 

* 

24  hours 

8.64  X 

10“*  seconds 

— 

— 

* 

36  hours 

1.30  X 

10^  seconds 

— 

* 

48  hours 

1.73  X 

10^  seconds 

— 

* 

* 

72  hours 

2.59  X 

10^  seconds 

— 

— 

* 

96  hours 

3.46  X 

10^  seconds 

— 

* 

* 

144  hours 

5.18  X 

10^  seconds 

— 

— 

* 

1  week 

6.05  X 

10^  seconds 

* 

* 

8  days 

6.91  X 

10^  seconds 

* 

— 

.. 

10  days 

8.64  X 

10^  seconds 

* 

— 

274  hours 

9.86  X 

10^  seconds 

— 

* 

— 

2  Weeks 

1.21  X 

10®  seconds 

* 

* 

— 

4  weeks 

2.42  X 

10®  seconds 

* 

— 

6  weeks 

3.63  X 

10®  seconds 

— 

* 

— 

7  weeks 

4.24  X 

10®  seconds 

* 

— 

— 

8  weeks 

4.84  X 

10®  seconds 

* 

* 

— 

9  weeks 

5.44  X 

10®  seconds 

* 

— 

— 

10  weeks 

6.05  X 

10®  seconds 

* 

— 

— 

11  weeks 

6.65  X 

10®  seconds 

* 

— 

— 

12  weeks 

7.26  X 

10®  seconds 

* 

~ 

— 

*  Denotes  PSD  measurements  conditions. 

—  Denotes  PSD  measurement  not  made  for  these  conditions. 
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TABLE  1-3 

NUMBER  OF  PRECIPITATES  EXAMINED 
AT  168°C 


Aging  Conditions 

(Time  Asced) 

Number  of  TEM  Films 
Ex  amined 

Total  Number  of 
Precipitates 
Analyzed 

1  week 

3 

390 

1  week 

6 

1160 

8  days 

3 

392 

10  days 

3 

438 

2  weeks 

4 

504 

4  weeks 

3 

530 

7  weeks 

5 

448 

8  weeks 

3 

424 

9  weeks 

4 

421 

10  weeks 

4 

408 

11  weeks 

4 

408 

12  weeks 

3 

346 

TABLE  1-4 

NUMBER  OF  PRECIPITATES  EXAMINED 

AT  200°C 

Aging  Conditions  Number  of  TEM  Films  Total  Number  of 

Examined  Precipitates 

(Time  Aced)  Analyzed 

48  hours 

5 

665 

96  hours 

5 

642 

1  week 

4 

408 

1  week* 

5 

391 

274  hours 

5 

600 

2  weeks 

8 

1317 

4  weeks 

8 

709 

6  weeks 

10 

793 

8  weeks 

8 

563 

*  Represents  duplicate  sample. 
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TABLE  1-5 

NUMBER  OF  PRECIPITATES  EXAMINED 

AT  225°C 


Aging  Conditions 
(Time  Agedi 


Number  of  TEM  Films 
Examined 


Total  Number  of 
Precipitates 
Analyzed 


12  hours 

6 

726 

24  hours 

i 

614 

36  hours 

9 

1220 

36  hours* 

5 

619 

48  hours 

6 

777 

48  hours* 

8 

724 

72  hours 

9 

698 

96  hours 

7 

697 

96  hours* 

5 

668 

144  hours 

8 

879 

144  hours* 

6 

656 

*  Represents  duplicate  sample. 


TABLE  1-6 


EXPERIMENTAL  VALUES  DETERMINED  FROM  FIGURE  8 

BASED  ON  EQUATION  1 


T  (°C)  K  X  10~-^cmVsec  Rr-n(A) 


168 

200 

225 


2.524 

21.67 

85.13 


TABLE  1-7 


-102 

-130 

108 


VALUES  DETERMINED  FROM  FIGURE  0 
BASED  ON  EQUATION  3 


O 


T  (”C1 

K  X  lO’^cm/sec'^^ 

Intercept  (A) 

168 

1.21 

18 

200 

2.80 

-10 

225 

4.35 

13 

TABLE  1-8. 


RESULTS  OF  THE  TESTS  ON  THE  APPLICATION 
OF  THE  NORMAL  DISTRIBUTION  TO  APPROXIMATE  THE  PSD’S. 


Aging 

Temp. 

Aging 

Time 

Standard 

Deviation 

X- 

Ho 

168 

1  week 

0.239 

15.97 

Y* 

1  week 

0.248 

70.41 

* 

8  days 

0.256 

22.99 

Y* 

10  days 

0.257 

29.90 

Y(?)* 

2  w-eeks 

0.246 

48.67 

* 

4  weeks 

0.276 

39.8 

¥ 

7  weeks 

0.267 

25.2 

Y* 

8  weeks 

0.296 

19.67 

Y* 

9  weeks 

0.306 

18.37 

Y* 

10  weeks 

0.262 

23.26 

Y* 

11  weeks 

0.284 

39.08 

* 

12  weeks 

0.282 

8.55 

Y* 

200 

48  hours 

0.262 

11.42 

Y** 

96  hours 

0.263 

22.27 

** 

1  week 

0.263 

19.60 

** 

1  week 

0.260 

30.95 

** 

274  hours 

0.266 

9.32 

Y** 

2  weeks 

0.277 

11.81 

Y** 

4  weeks 

0.280 

13.75 

Y** 

6  weeks 

0.269 

3.51 

Y* 

8  weeks 

0.252 

23.12 

Y* 

225 

12  hours 

0.268 

16.65 

Y(?)** 

24  hours 

0.267 

2.21 

Y** 

36  hours 

0.262 

45.68 

*  ★ 

36  hours 

0.242 

18.08 

Y(?)** 

48  hours 

0.267 

5.40 

Y** 

48  hours 

0.258 

20.35 

*  * 

72  hours 

0.270 

7.56 

Y** 

96  hours 

0.278 

25.50 

** 

96  hours 

0.257 

7.98 

144  hours 

0.282 

39.43 

Y(?)  perhaps  close  to  a  normal  distribution. 

Hq  hypothesis  true  for  normal  distribution  if  <  27.59  for  20  classes  and 
X^  <  14.07  for  10  classes  at  0.95  level  of  confidence. 

*  20  classes 

**  10  classes 
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TABLE  1-9. 

THE  EFFECTJDF  AGING  TIME  AT  168«C  ON  THE  MEAN  PARTICLE 
DIAMETER,  D,  AND  THE  STANDARD  DEVIATION,  s.  OF  THE  PSD. 


Aging  Time 

D 

(A) 

s 

(A) 

s 

D 

1  week 

275. 

70.3 

0.256 

8  days 

278. 

71.5 

0.2.57 

10  days 

2.38. 

56.9 

0.239 

2  weeks 

293. 

72.7 

0.248 

2  weeks* 

291. 

71.6 

0.246 

4  weeks 

337. 

93. 

0.275 

7  weeks 

441. 

118 

0.268 

8  weeks 

4.56. 

135. 

0.^96 

9  weeks 

461. 

141. 

0.305 

10  weeks 

511. 

134. 

0.262 

11  weeks 

475. 

135. 

0.284 

12  weeks 

516. 

145. 

0.281 

‘Represents  duplicate  specimen. 


TABLE  I- 10. 


THE  EFFECTJDF  AGING  TIME  AT  200‘’C  ON  THE  MEAN  PARTICLE 
DIAMETER,  D,  AND  THE  STANDARD  DEVIATION,  s.  OF  THE  PSD. 


Aging  Time 

D 

(A) 

s 

(A) 

s 

D 

48  hours 

318. 

83.4 

0.262 

96  hours 

386. 

101. 

0.262 

1  week 

483. 

127. 

0.263 

1  week* 

441. 

115. 

0.261 

274  hours 

482. 

128. 

0.266 

2  weeks 

525. 

145. 

0.276 

4  weeks 

7.50. 

210. 

0.280 

6  weeks 

893. 

240. 

0.320 

8  weeks 

910. 

229. 

0.252 

Represents  duplicate  specimen. 
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TABLE  Ml. 


THE  EFFECTJOF  AGING  TIME  AT  22r"C  ON  THE  MEAN  PARTICLE 
DIAMETER,  D,  AND  THE  STANDARD  DEVIATION,  s,  OF  THE  PSD. 


Aging  Time 

D 

(A) 

s 

(A) 

s 

D 

12  hours 

343. 

91.9 

0.268 

24  hours 

400. 

107. 

0.268 

36  hours 

473. 

124. 

0.262 

36  hours* 

472. 

114. 

0.242 

48  hours 

498. 

133. 

0.267 

48  hours* 

519. 

134. 

0.258 

72  hours 

567. 

153. 

0.270 

96  hours 

633. 

176. 

0.278 

96  hours* 

643. 

166. 

0.258 

144  hours 

711. 

200. 

0.281 

144  hours* 

732. 

197. 

0.269 

*Repre.scnts  duplicate  specimen. 
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FIGURE  I-l.  Theoretical  particle  size  distribution  (PSD)  based  on  the  LSW  theory, 
from  [1-4,  1-5]. 
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p'  =  r/r 


FIGURE  1-2.  Theoretical  PSD  based  on  the  MLSW  theory  with  different  volume  frac¬ 
tion  of  precipitate,  from  [1-6]. 
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FIGURE  1-3.  Theoretical  PSD  based  on  the  LSEM  theory  with  two  different  volume 
fractions  of  precipitate,  from  [1-8]. 
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FIGURE  1-5.  PSD  with  generated  normal  curve. 
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FIGURE  1-7.  Relation  between  R  with  time’^®  based  on  Equation  (1-3). 
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FIGURE  1-8.  Histogram  of  6  '  particles  aged  1  week  at  200"C. 
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FIGURE  1-12.  Comparison  of  the  combined  PSD  with  the  PSD  from  the  Al-Li  alloy 
aged  for  8  weeks  at  200”C. 
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FIGURE  1-13.  Linear  relationship  between  the  standard  deviation,  s,  and  the  mean 
particle  diameter,  D. 
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I  FIGURE  1-14.  Cumulative  distribution  of  the  aspect  ratios  of  6  ' . 
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FIGURE  1-16.  Illustration  of  two  growing  6  '  precipitates. 
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FIGURE  1-17.  Illustration  of  particle  formed  by  the  encounter  of  two  particles,  form¬ 
ing  an  antiphase  domain  boundary  (APB). 
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SECTION  n. 

THE  INFLUENCE  OF  ZIRCONIUM  ON  THE  COARSENING  OF 
(AlaLi)  IN  AN  Al-2.7Li-0.14Zr  ALLOY 

INTRODUCTION 

Aluminum  alloys  containing  significant  lithium  additions  have  repcLtedly  demon¬ 
strated  potential  for  the  development  of  an  alloy  with  unique  and  highly  desirable  com¬ 
binations  of  mechanical  and  physical  properties  [ll-l  -  11-4].  Until  recently  fracture 
toughness  and  ductility  have  been  unacceptable  for  many  aerospace  applications.  How¬ 
ever,  many  of  the  new  alloy  systems  presented  in  Reference  II-4  show  promise. 

In  addition  to  containing  Li,  Mg  and  Cu  all  the  alloys  of  commercial  interest  refer¬ 
enced  in  [11-4]  contain  small,  intentional  additions  of  an  ancillary  element.  All  commer¬ 
cial  high  strength  I/M  aluminum  alloys  contain  ancillary  element  additions  which  con¬ 
trol  grain  size  and  degree  of  recrystallization  in  wrought  products.  Traditionally  these 
ancillary  element  additions  have  been  chromium  and  manganese  although  recently  some 
of  the  new  high  toughness  7XXX  alloys  contain  zirconium.  It  should  be  noted  that 
most  of  the  successful  Al-Li  alloys  reported  in  References  11-2  -  11-4  contain  zirconium. 

When  zirconium  is  added  to  Al-Li  alloys  it  is  very  effective  in  inhibiting  recr>stalli- 
zation  [11-2].  The  small  coherent  Al3Zr  precipitates  retard  subgrain  boundary  migra¬ 
tion.  Rystad  and  Ryum  [11-5]  have  suggested  that  the  coherent,  oriented  nature  of  the 
Al3Zr  interface  imparts  a  high  drag  force  to  the  recrystallization  front  since  the 
precipitate/matrix  interface  must  change  from  coherent  to  semicoherent  or  incoherent 
as  the  recrystallization  front  passes,  or  if  the  orientation  relationship  between  the  parti¬ 
cle  and  matrix  must  be  maintained  then  the  particles  must  dissolve  and  re-precipitate 
after  the  boundary  passes  through  their  region;  either  of  these  two  processes  require 
considerable  energy.  These  explanations  are  consistent  with  and  have  been  used  to 
explain  [II-2]  the  experimental  observations  that  the  recrj'stallization  temperature  of 
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aluminum  alloys  containing  zirconium  tend  to  be  higher  than  those  alloys  which  con¬ 
tain  either  chromium  or  manganese. 

There  are  two  other  interesting  observations  which  have  been  made  concerning  Al- 
Li-Zr  alloys.  The  first  observation  is  that  these  alloys  tend  to  age  more  rapidly  than 
similar  alloys  which  contain  manganese,  for  example,  as  the  ancillary  element  [11-2,11-6]. 
The  second  observation  is  that  Al3Li  precipitates  appear  to  nucleate  on  the  existing 
Al3Zr  precipitates  [II-7]  as  well  as  in  the  matrix. 

In  a  recent  publication  [11-8]  the  results  of  a  quantitative  transmission  electron 
microscopy  (TEM)  investigation  of  the  coarsening  process  of  the  metastable  6'  pha-se  in 
an  Al-Li-Mn  was  presented.  Particle  size  distributions  (PSD’s)  were  determined  for  a 
variety  of  aging  times  at  168,  200  and  225'‘C.  The  growth  of  the  6'  was  found  to  obey 
Ostwald  ripening  kinetics.  A  normal  distribution  was  found  to  more  closely  approxi¬ 
mate  the  experimental  PSD’s  rather  than  the  negatively  strewed  or  log-normal  distribu¬ 
tion  predicted  by  many  of  the  Ostwald  ripening  theories.  Since  the  rapid  aging  of  .Al- 
Li-Zr  alloys  has  been  well  documented,  a  comparative  investigation  was  initiated  to 
determine  the  mechanism  of  accelerated  coarsening  in  Al-Li-Zr  alloys. 


EXPERIMENTAL  PROCEDURE 

Two  Al-Li  alloys  containing  approximately  the  same  lithium  content  were  cast  in  an 
ingot  150mm  in  diameter.  One  alloy  contained  manganese  and  the  other  zirconium. 
High  purity  aluminum  was  melted  in  an  open  hearth  furnace  and  was  fluxed  with  Clo 
to  remove  H2.  The  melt  was  then  covered  with  a  molten  LiCl-LiF  salt  mixture  and  the 
alloying  elements  were  added.  The  molten  alloy  was  then  transferred  to  a  D.C.  casting 
unit  under  an  inert  gas  atmosphere  which  was  used  to  minimize  the  oxidation  of 
lithium.  The  chemical  compositions  of  the  two  alloys  are  given  in  Table  11- 1, 
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The  ingots  were  preheated  in  argon  for  12  hours  at  15TC  and  then  for  13  hours  at 
516°C.  The  preheated  ingots  were  reheated  to  371”C  and  were  direct  extruded  into 
round  rods  50.8mm  in  diameter.  The  extruded  rods  were  reheated  in  air  for  0.5  hours 
at  482°C  and  were  hand  forged  into  1.2cm  plates  at  200°C.  The  hand-forged  plates 
were  annealed  in  lead  for  5  minutes  at  550°C  and  were  quenched  in  cold  water.  They 
were  then  cold  rolled  approximately  Q0%  without  further  annealing.  The  cold  rolled 
sheet  was  solution  heat  treated  (SHT)  at  552°C  in  a  lead  bath  then  quenched  in  cold 
water  and  artificially  aged.  To  relate  the  average  particle  size  and  the  particle  size  dis¬ 
tribution  of  ^'(Al3Li)  in  the  Al-Li-Zr  alloy  to  that  previously  reported  in  the  Al-Li-Mn 
system  [II-8]  the  Al-Li-Zr  alloy  was  aged  for  different  aging  times  from  48  hours  to  2 
weeks  at  200"C. 

The  longitudinal  tensile  properties  were  obtained  using  a  sheet-type  subsized  stan¬ 
dard  ASTM  specimen  design.  The  ultimate  tensile  strength,  the  yield  strength  (0.2^7 
offset)  and  the  elongation  were  determined. 

Microstructures  were  examined  using  optical  and  TLM  techniques.  The  grain  mor¬ 
phologies  were  determined  using  optical  microscopy;  tlie  size  distribution  of  6'  and 
Al3Zr  precipitates  in  the  Al-Li-Zr  alloy  were  determined  by  TLM.  Centered  dark  field 
(CDF)  images  were  found  to  give  good  contrast  betwei'n  images  of  the  d'  precipitate 
and  the  matrix.  Particle  size  measurements  were  made  directly  from  the  TL.M  nega¬ 
tives  using  a  semi-automatic  LyeCom  II  image  analyzing  system.  The  liyeC'om  II  is 
interfaced  with  a  DEC  PDP-!1  minicomputer  which  was  programmed  to  collect,  store, 
and  manipulate  the  raw  data. 
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RESULTS 


Mechanical  Properties 

The  longitudinal  tensile  properties  for  the  two  alloys  are  presented  in  Tables  II-2 
and  II-3.  The  yield  strength  for  the  two  alloys  versus  artificial  aging  time  are  plotted  in 
Figure  II-l.  Two  important  features  are  illustrated  by  Figure  II-l.  They  are;  1)  the 
time  to  reach  peak  strength  is  more  rapid  in  the  Al-Li-Zr  compared  to  a  similar  Al-Li- 
Mn  alloy,  and  2)  the  Al-Li-Zr  alloy  overages  more  rapidly  than  the  corresponding  Al- 
Li-Mn  alloy.  These  two  characteristics  have  been  observed  in  numerous  investigations. 


Grain  Structure 

The  Al-Li-Mn  alloy  was  fully  recrystallized  with  a  grain  size  of  approximately 
ASTM  5,  whereas  the  Al-Li-Zr  alloy  was  unrecrystallized  in  the  interior  of  the  sheet 
with  a  thin  recrystallized  layer  at  the  surface.  The  subgrain  size  as  estimated  from 
TEM  negatives  was  approximately  l.O^m.  However,  the  subgrain  structure  was  gen¬ 
erally  not  uniform  and  contained  areas  with  very  large  subgrains. 


Distribution  and  Size  of  Al3Zr  Precipitates 

Since  the  Al3Zr  particles  have  a  similar  morphology  to  the  Al3Li  particles,  as- 
quenched  foils  were  examined  to  determine  the  size  and  distribution  of  the  Al3Zr  parti¬ 
cles.  TEM  revealed  the  presence  of  subgrains  and  the  non-uniformly  distributed  Al3Zr 
particles.  The  average  particle  diameter  of  the  Al3Zr  was  approximately  200A. 
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Distribution  and  Size  of  Al3Li  Precipitates 

The  6'  precipitates  are  easy  to  identify  with  clear  precipitate-mat rLx  interfaces 
using  CDF  techniques.  However,  small  dark  circles  were  observed  lying  inside  .some  of 
the  b'  precipitates.  As  documented  in  a  recently  published  paper  [11-7],  these  small 
interior  particles  are  thought  to  be  Al3Zr. 

By  taking  a  number  of  TEM  micrographs  at  a  particular  aging  condition  and  com¬ 
piling  all  the  measurements,  a  PSD  was  constructed.  \  representative  histogram  is 
shown  in  Figure  II-6.  For  alt  the  aging  conditions  investigated,  the  PSD’s  were  asym¬ 
metrical  having  a  long  tail  to  the  right  of  the  central  maximum,  a  positively  skewed 
distribution.  The  clear  asymmetric  nattire  of  the  distribution  of  the  PSD's  in  the  .\1- 
Li-Zr  alloy  is  in  contrast  to  the  symmetrical  distribution  found  in  the  .\1-Li-Mn  alloy 
having  identical  composition  [0-8].  For  comparison,  Figure  11-3  shows  a  PSD  for  a 
comparable  aging  treating  of  the  Al-Li-Mn  alloy. 

Since  an  a.symmetry  was  present  in  the  PSD's,  an  attempt  was  made  to  determine  if 
the  Al3Zr  particles  were  affecting  the  shape  of  (he  PSD's.  PSD’s  were  constructed  for 
each  aging  condition  using  the  Al3Li  partieEs  that  did  noi  contain  the  Al3Zr  precipi¬ 
tates  and  those  that  contained  the  Al3Zr  precipitates.  'Fhe  number  of  negatives  exam¬ 
ined  and  the  number  of  particles  measured  for  each  aging  condition  are  summarized  in 
Table  II-2.  The  aging  times  48  hours  and  336  hours  were  replicated. 

Flxamples  of  the  separated  PSD'S  for  several  aging  conditions  are  shown  in  Figures 
II-4  -  II-6.  The  average  particle  size,  standard  deviation  and  coefficient  of  variation  for 
each  of  the  PSD's  are  summarized  in  Table  11-3.  For  comparison  the  particle  size 
results  [II-8J  for  the  41-Li-Mn  aged  at  200"< '  are  presented  in  Table  11-4. 

For  all  the  data  presented  in  Tables  II-3  and  11-4,  the  cube  of  the  respective  mean 
particle  sizes  versus  aging  time  are  plotted  in  Figure  II-7.  .4  linear  analysis  of  the  data 
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was  performed  and  the  results  are  summarized  in  Table  11-5. 

At  every  aging  condition  examined,  three  observations  were  consistent. 

1.  Comparison  of  the  experimental  results  presented  in  [II-8]  for  the  Al-Li-Mn  alloy 
shows  that  for  similar  aging  conditions  the  average  particle  size  of  all  the  d'  par¬ 
ticles  in  the  Al-Li-Zr  was  greater  than  the  average  b'  particle  size  in  the  Al-Li- 
Mn  alloy.  Classifying  the  b'  particles  in  the  Al-Li-Zr  alloy,  as  shown  in  Table  II- 
3,  indicates  that  the  average  particle  size  of  the  composite  b'  particles  is  con¬ 
sistently  larger  than  the  Al3Zr-free  b’  particles,  and  furthermore  the  AlgZr-free 
b*  particles  in  the  Al-Li-Zr  alloy  were  approximately  ttip  same  sizn  a.s  the  b’  par¬ 
ticles  in  the  Al-Li-Mn  alloy  aged  under  similar  conditions. 

2.  The  combined  PSD’s  for  b'  in  the  Al-Li-Zr  alloy  was  asymmetrical,  skewed  to  the 

right  in  comparison  to  the  symmetrical  PSD’s  in  the  Al-Li-Mn  having  the  same 
lithium  content  and  aging  practice.  The  PSD’s  for  the  composite  particles  were 
displaced  to  the  right  of  the  Al3Zr— free  PSD's.  Consequently,  the  mean  and 

the  median  were  always  greater  for  the  composite  particles  compared  to  the 
Al3Zr-free  b'  particles. 

3.  The  coefficients  of  variation,  that  is,  the  estimate  of  the  standard  deviation  nor¬ 
malized  by  the  mean  (4)  of  the  PSD’s  of  the  composite  particles  were  always 

smaller  than  those  PSD’S  constructed  from  Al3Zr-frec  b'  particles. 


DISCUSSION 


By  comparing  the  Al-Li-Zr  with  another  alloy  having  identical  lithium  content  and 
comparing  identical  aging  conditions  it  is  apparent  that  zirconium  plays  a  significant 
role  in  the  development  of  microstructure  and  properties  in  the  Al-Li  system.  Conse¬ 
quently,  this  discussion  will  focus  on  the  distribution,  precipitation,  and  interaction  of 
zirconium  with  microstructure  in  the  Al-Li-Zr  system. 

In  terrn^  of  the  quantity  zirconium  is  a  minor  alloy  addition,  however,  in  terms  of 
its  influence  on  the  microstructure  of  a  wrought  alloy  it  is  a  significant  addition.  The 
addition  of  zirconium  retards  recrystallization  and  in  Al-Li  alloys  the  retained  substruc¬ 
ture  in  the  wrought  product  improves  strength.  .As  observed  in  this  investigation,  the 
unrecrystallized  .Al-Li-Zr  reached  a  higher  pe.ak  strength  than  did  th.e  Al-Li-Mn  alloy. 

The  equilibrium  diagram  for  the  aiuminum-rich  end  is  of  the  peritectic  type  [11-0]. 
The  peritectic  temperature  is  slightly  above  the  melting  point  of  pure  aluminum.  The 
limit  of  solid  solubility  is  0.28  weight  percent,  however,  from  the  point  of  view  of  cast¬ 
ing  an  alloy  containing  zirconium,  the  composition  at  the  break  in  the  liquidus  curve 
(0.1 1*^6  zirconium)  is  the  composition  of  interest.  Composit  iems  in  excess  of  this  value 
run  the  risk  of  containing  the  coarse  primary  Ai-Zr  ph.ase.  Composit  ions  up  to  approxi¬ 
mately  .18  weight  percent  Zr  can  be  cast.  ^J^ir^g  small  book-mold  ingots  where  the 
solidification  rate  is  relatively  rapid,  liowevcr.  for  large  commercial  ingots  whore  the 
solidification  rates  are  slow,  tlu-  luiiit.-^  on  the  zirconium  lev*'!  apj>roach  0.11''r. 

In  comparison  to  the  precipitation  liardcning  elements  such  as  lithium,  magnesium 
and  copper  for  example,  zirecnium  ha.s  a  relaiivoiv  low  ditfusivity  and  tends  to  remain 
in  solution  after  casting.  Since  the  solute-  -risi ri!>ul ion  ciHdllcient  k  slightly 

greater  than  1,  the  zirconium  tends  to  segri'gatc  in  tin-  interior  c'f  the  dendrites  rather 
than  in  the  interdendritic  channels  wiicre  the  eutectic  elements  would  be  segregated. 
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During  the  preheating*  cycle,  the  lithium  which  is  cored  homogenizes  and  goes  into 
solution,  whereas  the  zirconium  precipitates  out  of  solution  since  the  solid  solubility  of 
Zr  is  small  at  the  ingot  preheating  temperatures.  The  zirconium  precipitates  from  the 
supersaturated  solution  where  it  was  located  as  a  result  of  solidification  coring.  The 
result  is  a  non-uniform  distribution  of  Al3Zr.  Consequently,  high  strength  ingot  metal¬ 
lurgy  alloys  containing  zirconium  tend  to  have  grain  structures  that  are  for  the  most 
part  unrecrystallized,  but  due  to  the  inhomogeneous  distribution  of  Al3Zr,  regions  of 
coarse  recrystallized  grains  are  often  observed  and  the  subgrain  size  distribution  also 
tends  to  be  broad.  For  example,  we  observed  non-uniform  subgrain  or  grain  structures 
not  only  at  the  TEM  level  of  observation  but  also  at  the  optical  level. 

Rystad  and  Ryum  [11-5]  have  shown  that  in  binary  Al-Zr  alloys  decomposition  of 
the  supersaturated  solid  solution  during  preheat  occurs  by  forming  the  metastable 
Al3Zr  phase.  This  phase  exhibits  a  cubic  LI2  structure  and  thus  in  the  TEM  they  can 
easily  be  imaged  by  using  {100}  or  {110}  superlattice  reflections.  As-quenched  Al-Li-Zr 
alloys  were  examined  to  determine  the  size  and  size  distribution  of  Al3Zr  particles  using 
CDF  superlattice  reflections  for  the  imaging  condition.  However,  unlike  either  the 
binary  work  of  Rystad  and  Ryum  or  in  the  DF  images  of  3'  observed  in  this  study, 
bright  images  of  the  Al3Zr  particles  were  not  produced.  The  same  observation  has  been 
described  by  Gayle  and  Vander  Sande  [11-7].  To  account  for  this  observation  they  pro¬ 
posed  two  possible  explanations  on  the  low  level  of  electron  scattering  of  Al3Zr  by  the 
supcrlattice  reflections.  One  explanation  is  that  the  Al3Zr  is  a  disordered  phase  when 
present  in  the  Al-Li  system.  Alternatively,  they  proposed  that  Li  is  incorporated  onto 
the  Zr-sublattice  in  the  Al3Zr  phase  and  that  modifies  the  atomic  scattering  factors 
such  that  for  the  composition  close  to  AI3  (LIq  6Zro.4)  Fqoi  -0.  Either  of  these  two 
explanations  could  account  for  the  lack  of  a  strong  DF  image.  Of  the  two  possible 

A  thermal  treatment  prior  to  deformation  whose  primary  purpose  is  to  homogenize 

the  ingot  and  precipitate  high-temperature  phases. 
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explanations,  the  one  that  tends  to  be  the  most  reasonable  is  the  substitution  of  Li  on 
the  zirconium  sublattice  in  the  LI2  structure.  In  an  alloy  developm'^^t  orDt^ram 
reported  in  reference  [n-6|  from  which  the  alloys  used  in  this  investigation  were  cast,  it 
was  reported  that  the  zirconium  containing  AI-Li  alloys  had  a  significantly  gr-^aier 
resistance  to  recrystallization  than  the  Mn  containing  lithium  alic}  or  for  that  matter 
other  aluminum  alloys  containing  zirconium.  Since  Al3Li  and  .'M3Zr  are  isostructural, 
two  possibilities  were  proposed  to  explain  the  effect  of  the  small  amount  of  zirconium 
on  maintaining  the  unrecrystallized  structure  through  all  processing  stages,  including 
cold  rolling  into  sheet.  The  first  is  that  lithium  may  modify  the  solubility  of  zirconium 
in  aluminum,  thus  producing  a  higher  volume  fraction  of  Al3Zr.  The  second  possibility 
is  that  lithium  may  substitute  for  zirconium,  thus  giving  a  higher  volume  fraction  of 
dispersoid.  Consequently,  in  light  of  the  observations  in  this  research  along  with  those 
of  Gayle  and  Vander  Sande  [II-7]  we  propose  that  some  lithium  is  incorporated  in  the 
Al3Zr  precipitates,  thus  giving  a  greater  effective  volume  fraction  of  Al3Zr  to  retard  the 
recrystallization  process. 

Because  the  At3Zr  particles  in  the  as-quenched  alloy  act  as  surfaces  upon  which  the 
Al3Li  can  precipitate,  R^-q  should  not  be  taken  as  zero  for  the  onset  of  coarsening. 
Therefore,  the  experimental  data  were  analyzed  using  the  kinetic  law.  li'^  -  “  kt, 

predicted  by  the  LSW  [11-10,11-11]  theory  rather  than  the  reduced  form  R  Kt'/'^. 
Table  II-5  summarizes  the  results  of  applying  the  kinetic  law  to  the  various  types  of  6' 
particles  investigated.  It  is  important  to  note  that  the  extrapolated  intt'rcept  R(--q  for 
the  composite  particles  is  much  larger  than  the  extrapolated  intercept  for  the  /\l3Zr-free 
d'  particles.  This  experimentally  verifies  that  the  composite  partich's  begin  coarsening 
at  larger  values  than  the  .\l3Zr-free  6'  particles,  thus  resulting  in  a  bimodal  b'  BSD. 
Furthermore,  the  difference  of  the  above  intercept,  2H(-o(IlI)  ~ -Rco(^^)  — 
approximately  the  average  Al3Zr  particle  diameter  experimentally  determined. 
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A  comparison  of  the  rate  constants  for  different  kinds  of  S'  particles  shows  that  the 
rate  constant  of  S'  particles  containing  AlgZr  is  significantly  higher  than  the  Al3Zr  free 
S'  particles.  According  to  the  LSW  theory,  particles  greater  than  a  critical  particle 
size  that  is  assumed  to  be  equal  to  the  average  particle  size,  are  more  stable  than  parti¬ 
cles  that  are  less  than  a  critical  particle  size.  Since  the  composite  particles  are  initially 
larger  than  the  surrounding  Al3Zr-free  S'  particles  the  composite  particles  continue  to 
grow  at  the  expense  of  the  smaller  S'  particles.  The  composite  particles  will  continue 
to  grow  at  a  faster  rate  than  the  zirconium-free  S'  particles  as  long  as  there  are 
sufficient  numbers  of  small  S'  particles  within  \/Dt  of  the  composite  particles  to  pro¬ 
vide  the  solute.  Another  important  observation  that  has  been  made  is  that  the  PSD’s 
of  the  zirconium-free  S'  particles  have  an  asymmetric  distribution  with  a  tail  to  the 
right,  a  positive  coefficient  of  skewness.  Figures  II-2  -  II-6.  The  coefficients  of  skewne.ss 
for  those  histograms  for  the  .A.l3Zr-free  S'  particles  were  always  greater  than  zero.  The 
particles  that  supply  the  solute  for  the  coarsening  process  are  the  smaller  S'  particles. 
Consequently,  the  smaller  zirconium-free  S'  particles  are  always  unstable  and  are  pre¬ 
ferentially  dissolving,  thus  the  PSD  is  truncated  at  the  small  particle  size  end  of  the 
distribution. 

The  more  rapid  aging  response  of  the  Al-Li-Zr  alloy  compared  to  the  Al-Li-Mn  alloy 
can  be  explained  by  comparing  the  PSD’s  for  the  two  alloys  at  similar  aging  conditions. 
We  might,  therefore,  predict  that  the  average  particle  sizes  of  S'  phase  at  peak  yield 
strength  for  both  alloys  should  be  the  same.  The  absolute  value  of  yield  str'mgth  is 
dependent  upon  the  PSD,  the  degree  of  recrj'stallization  and  the  subgrain  structure. 
During  aging  the  rate  of  increase  in  yield  strength,  however,  is  due  to  the  change  in  the 
particle  size  distribution.  Increasing  the  mean  particle  size  will  increase  the  yield 
strength  on  the  underaging  side  of  the  yield  strength-aging  time  response  curve,  and 
increiLsing  the  mean  particle  size  will  decrease  the  yield  strength  on  the  overaging  side 
of  the  yield  strength-aging  time  response  curve.  As  shown  in  this  investigation,  the 


-  51  - 


mean  particle  size  for  the  Al-Li-Zr  alloy  is  displaced  to  larger  particle  sizes  compared  to 
the  Al-Li-Mn  alloy  identically  aged.  Figure  D-l  shows  that  the  peak  yield  strength  for 
the  Al-Li-Zr  alloy  is  reached  when  the  alloy  is  aged  at  200°C  for  2  hours,  and  for  the 
Al-Li-Mn  alloy  is  reached  after  about  50  hours.  Using  the  linear  expression  of 
-  R^o  —  kt,  a  calculation  of  average  particle  size  at  peak  yield  strength  for  both 
alloys  in  their  corresponding  peak  aged  conditions  shows  D  300A  would  be  the  criti¬ 
cal  particle  diameter  at  peak  yield  strength  for  both  alloys.  The  initial  average  particle 
size  for  the  Al3Zr  particles  was  approximately  D  =  200A  which  is  very  close  to  the  crit¬ 
ical  size  required  for  reaching  the  peak  yield  strength.  Therefore,  only  a  short  amount 
(<5  hours  at  200°C)  of  isothermal  aging  is  necessary  for  a  sufficient  number  of  particles 
to  grow  such  that  the  mean  size  of  the  entire  distribution  is  in  the  range  of  300A.  In 
other  words,  the  more  rapid  response  to  artificial  aging  of  the  Al-Li-Zr  alloy  peak  com¬ 
pared  to  the  slower  response  of  the  Al-Li-Mn  alloy  is  related  to  the  precipitation  of  6' 
on  the  pre-existing  AlsZr  particles. 


CONCLUSIONS 

1.  The  Al3Zr  particles  act  as  preferential  sites  for  the  nucleation  and  growth  of  in 
the  Al-Li-Zr  system. 

2.  The  PSD  of  the  S'  particles  is  affected  by  the  presence  of  the  Al3Zr  particles. 
The  distribution  is  shifted  t';  *he  right. 

3.  A  separation  of  the  PSD  shows  a  bimodal  distribution  of  S' . 

4.  The  change  in  the  PSD  due  to  the  presence  of  the  Al3Zr  phase  accelerates  the 
aging  kinetics  of  the  allo>,  consequently,  the  zirconium  containing  alloy  ages  more 
rapidly  than  a  similar  alloy  not  containing  zirconium. 
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TABLEH-l. 

The  composition  (in  weight  percent)  of  the  two  Al-Li  alloys. 

Li  Mn  Zr  Fe  Si  A1 
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TABLE  n-2. 


Number  of  d'  Precipitates  Examined  at 
200°C  for  the  Al-2.8Li-0.14Zr  Alloy 


Aging  Time  Number  of  TEM 
fhoursl  Films  Examined 

Total  Number  of 
Precipitates 
Analyzed 

48(1)* 

10 

1247 

48n) 

10 

831 

48(ni) 

10 

416 

R**  48(1) 

9 

1177 

48  II) 

9 

844 

48(m) 

9 

333 

96(1) 

6 

1322 

96  U) 

6 

941 

96(111) 

6 

381 

144(1) 

8 

1232 

144  11) 

8 

786 

144(111) 

8 

446 

168(1) 

7 

1211 

168(11) 

7 

805 

168(m) 

7 

406 

192(1) 

7 

1140 

192(11) 

7 

750 

192(111) 

7 

390 

240(1) 

9 

1632 

240(11) 

9 

1219 

240(111) 

9 

413 

288(1) 

7 

1357 

288(11) 

7 

nil 

288(111) 

t 

246 

336(1) 

7 

1401 

336(11) 

7 

970 

336(111) 

7 

431 

R**  336(1) 

9 

1359 

336(11) 

9 

1015 

336(111) 

9 

344 

*  (I)  All  8’  particles. 

(II)  b'  particles  which  do  not  contain  Al3Zr. 
(ill)  b'  particles  which  do  contain  AlsZr. 

R**  Replicate. 
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TABLE  n-3. 

Mean  Particle  Diameter  D,  Median,  and  Standard  Deviation 
and  Coefficient  of  Variation  and  Coefficient  of  Skewness  for  Al-2.8Li-0.14Zr  Alloy 


Aging 

Time 

fhoursi 

Mean  Partide 
Diameter  D 

_ (A) _ 

Median 

(A) 

Standard 
Deviation 
s.  (A) 

CoeflBcient* 
of  Variation 
(CV) 

Coefficient** 

of  Skewness 

48(1) 

372 

357 

109 

0.294 

48  11) 

327 

320 

82 

0.250 

0.192 

48(111) 

483 

479 

81 

0.168 

-0.132 

***R  48(1) 

439 

436 

131 

0.299 

_ 

48  II) 

384 

378 

96 

0.249 

0.180 

48(m) 

552 

548 

120 

0.218 

-0.220 

96(1) 

427 

411 

126 

0.295 

- 

96(11) 

407 

400 

108 

0.265 

0.136 

96(111) 

625 

617 

122 

0.195 

0.010 

144(1) 

542 

535 

168 

0.310 

_ 

144  II) 

475 

468 

135 

0.283 

0.229 

144(111) 

659 

646 

169 

0.256 

0.262 

168(1) 

544 

537 

149 

0.274 

. 

168(11) 

503 

497 

132 

0.262 

0.382 

168(ni) 

624 

619 

163 

0.261 

0  44.. 

192(1) 

554 

548 

172 

0.310 

• 

192  II) 

507 

499 

153 

0.301 

0.113 

192(111) 

643 

632 

182 

0.289 

0.328 

240(1) 

600 

568 

178 

0.296 

. 

240  II) 

537 

524 

136 

0.253 

0.252 

240(111) 

786 

792 

179 

0.228 

-0.432 

288(1) 

619 

609 

195 

0.315 

- 

288  11) 

565 

549 

153 

0.273 

0.504 

288(111) 

863 

861 

206 

0.238 

-0.083 

336(1) 

633 

609 

179 

0.283 

. 

336(ll) 

583 

565 

153 

0.263 

0.367 

336(lII) 

782 

772 

170 

0.217 

0.1.37 

•**R  336(1) 

687 

680 

194 

0.283 

- 

336  II) 

632 

620 

167 

0.264 

0.209 

336(111) 

810 

803 

193 

0.238 

0.007 

Coefficient  of  Variation,  CV  =  ^ 

D 


S(Drt>)’ 

**  Coefficient  of  skewness,  C.S.  =  — - - 

***R  Replicate 
(II  All  6'  particles. 

(II)  6'  particles  which  do  not  contain  Al3Zr. 
(Ill)  6'  particles  which  do  contain  Al3Zr. 
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TABLE  n-4. 

The  Efl‘ect_of  Aging  Time  at  200°C  on  the  Mean  Particle 
Diameter,  D,  the  Standard  Deviation,  s,  and  the  Coefficient 
of  Variation,  s/D,  for  the  Al-Li-Mn  Alloy  (8). 


Aging  Time 
(hours) 

D 

(A) 

s 

(A) 

CoefiBcient 
of  Variation 
s 

D 

48 

318 

83 

0.262 

96 

386 

101 

0.262 

168 

483 

127 

0.263 

168* 

441 

115 

0.261 

274 

482 

128 

0.266 

336 

525 

145 

0.276 

672 

750 

210 

0.280 

1008 

893 

240 

0.320 

1344 

910 

229 

0.252 

'Represents  duplicate  specimen. 


TABLE  n-5. 

Experimental  ValuesJDetermined  From  the  Relationship; 

R^  -  R^o  =  Kt 

R:  Average  particle  radius 

^co-  Critical  particle  radius  at  the  onset  of  coarsening 


Alloy 

T(°C) 

K  X  10  cm'^/sec 

(A) 

Al-Li-Zr(I)* 

200 

23.93 

195 

Al-Li-Zr(ll)* 

200 

20.39 

152 

Al-Li-Zr(Ill)* 

200 

46.38 

252 

Al-Li-Mn** 

200 

21.67 

-130 

*(I)  All  8'  particles. 

*(II)  6'  particles  which  do  not  contain  Al3Zr. 

6’  particles  which  do  contain  Al^Zr. 

**  Data  from  reference  (8). 
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Figure  U-l.  Yield  strength  versus  aging  time  for  Al-Li-Mn  and  Al-Li-Zr  alloys  aged 
at  200”C. 


Figure  II-2.  Histogram  of  6 
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Figure  II-4.  Separated  histogram  of  d'  precipitates  aged  48  hours  at  200”C. 
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Figure  II-5.  Separated  histogram  of  6'  precipitates  aged  1  week  at  200“C 
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Figure  II-6.  Separated  histogram  of  <5'  precipitates  aged  2  weeks  at  200"C 


f'igure  II-7.  Linear  relation  between  R  and  time. 
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SECTION  m. 

THE  INFLUENCE  OF  ^'(AlaLi)  LITHIUM  CONTENT  ON 
THE  KINETICS  OF  6'  COARSENING  AND  THE  SHAPE  OF 
THE  fi'lAlgLi)  PARTICLE  SIZE  DISTRIBUTIONS  (PSD’s) 

INTRODUCTION 

In  the  investigation  presented  in  the  first  section  of  this  report  the  coarsening 
behavior  of  6  '  in  an  Al-2.8Li-0.3Mn  alloy  and  showed  that  the  growth  of  6  '  was 
found  to  obey  Ostwald  ripening  kinetics.  However,  the  form  of  the  experimental  parti¬ 
cle  size  distributions  (PSD’s)  of  the  S  '  was  determined  to  be  a  distribution  which  was 
more  symmetrical  than  the  asymmetrical,  distribution  predicted  by  many  of  the 
Ostwald  ripening  theories.  Consequently,  to  the  expand  the  body  of  information  on 
coarsening  in  general  and  on  6  '  in  particular,  we  extended  our  investigations  in  AI-Li 
alloys  to  include  the  influence  of  6  '  volume  fraction  on  the  coarsening  behavior. 


EXPERIMENTAL  PROCEDURE 

A  series  of  aluminum-lithium  alloys  of  compositions  described  in  Table  III-l  were 
cast,  hot  and  cold  rolled  to  a  thickness  of  approximately  2.5  mm.  The  rolled  sheet 
were  sectioned  into  specimens  approximately  1  cm  x  1  cm  pieces.  The  samples  were 
solution  heat  treated  (SHT)  for  1/2  hour  at  600”C  in  a  lead  bath  and  then  quenched  in 
cold  water. 

The  samples  were  aged  for  different  periods  of  time  ranging  from  12  hours  to  2 
weeks  at  200  and  225'’C.  Samples  were  prepared  for  transmi.ssion  eh'ctron  microscopy 
(TEM)  investigations.  Centered  dark  field  (CDF')  images  were  found  to  give  good  con¬ 
trast  between  images  of  the  <5  '  precipitates  and  the  matrix.  Particle  size  measure¬ 
ments  were  made  directly  from  the  negatives  using  a  semiautomatic  EyeCom  II  image 
analyzing  svslc'in.  The  liveC'om  11  is  interfaced  with  a  DIX^  PI)P-ll  minicomputer 
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which  was  programmed  to  collect,  store,  and  manipulate  the  raw  data. 


RESULTS 

TEM  revealed  the  presence  of  the  ordered  AJ3Li  precipitates  ' ).  By  taking  a 
number  of  TEM  micrographs  at  a  particular  aging  condition  and  compiling  all  the 
measurements,  a  PSD  was  constructed  for  each  aging  condition  and  alloy.  The  various 
statistical  parameters  of  the  PSD  are  summarized  in  Table  111-2.  Representative  PSD’s 
for  the  2.4%  and  4.5^  alloys  are  shown  in  Figure  III-l  and  II1-2.  It  is  clear  from  these 
figures  that  the  shape  of  the  PSD  is  a  function  of  alloy  content;  the  more  dilute  alloy 
has  a  long  tail  on  the  left  side  of  the  distribution,  whereas  the  more  concentrated  alloy 
has  the  long  tail  on  the  right  side  of  the  distribution. 

Alternative  to  the  graphical  representation  of  the  data,  use  was  made  of  two  statist¬ 
ical  parameters  [III-l],  the  coefficient  of  skewness,  and  the  coefficient  of  kurtosis  to 
describe  the  PSD’s. 

The  skewness  is  the  degree  of  asymmetry,  or  the  departure  from  symmetry,  of  a  dis¬ 
tribution.  For  example,  if  a  frequency  curve  of  a  distribution  has  a  long  tail  to  the 
right  of  the  central  maximum,  the  distribution  is  skewed  to  the  right  or  is  said  to  have 
positive  skewness.  If  the  reverse  is  true,  the  distribution  is  said  to  be  negatively 
skewed.  The  skewness  is  defined  by  the  relationship 

,  X  —  mode 

skewness  —  - 

s 


where  x  is  the  mean,  and  s  is  the  standard  deviation.  Alternatively,  one  ran  express 
the  skewness  using  the  third  moment  about  the  mean  expressed  in  dimensionless  form 
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is  given  by  the  relationship: 

m3 

coefficient  of  skewness  =  — —  , 

s* 

where  m3  is  the  third  moment  about  the  mean.  Geometrically,  when  the  coefficient  of 
skewness  is  >  0  the  tail  is  to  the  right  and  when  <  0  the  tail  is  to  the  left. 

The  other  statistical  parameter,  the  coefficient  of  kurtosis  is  a  measure  of  the  degree 
of  peakedness  of  a  distribution,  and  is  taken  relative  to  a  normal  distribution.  A  distri¬ 
bution  having  a  relatively  high  peak,  is  called  leptokurtic,  whereas  one  which  is  flat- 
topped  is  called  platykurtic.  The  normal  distribution  which  is  not  very  peaked  or  flat 
is  called  mesokurtic. 

The  coefficient  of  kurtosis  uses  the  fourth  moment  about  the  mean  expressed  in 
dimensionless  form  and  is  given  by  the  relationship: 

m4 

coefficient  =  — : - 3  , 

s* 


where  m4  is  the  fourth  moment  about  the  mean. 

Both  of  these  statistical  parameters  for  the  dilTerent  aging  conditions  and  alloys  are 
summarized  in  Table  III-3. 

The  coefficient  of  excess  kurtosis  was  for  most  cases  <  0  indicating  that  the  distri¬ 
bution  was  flatter  than  a  normal  distribution.  The  coefficient  of  skewness  tended  to  be 
<  0  for  the  dilute  alloy,  tail  to  the  left  of  the  maximum  and  >  0  for  the  concentrated 
alloy. 
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PROPOSED  RESEARCH 


Since  the  form  of  the  PSD’s  varied  systematically  with  lithium  content,  the  VVeibull 
statistical  distribution  function  may  be  used  to  describe  the  6'  PSD’s.  The  Weibull 
distribution  has  been  widely  used  in  the  analysis  of  fatigue  failure  data,  and  recently, 
the  Weibull  distribution  has  been  used  to  describe  the  steady-state  particle  size  distri¬ 
bution  which  develops  during  liquid  phase  sintering  [2],  The  power  of  this  function  lies 
in  the  fact  that  the  shape  of  the  distribution  can  be  systematically  varied  using  only 
two  parameters.  A  general  form  of  the  probability  density  of  the  Weibull  distribution 
is  given  by 

abx’’“*  exp(-ax^)  for  x>0.  a>0,  b>0  (l) 

0  elsewhere  ’ 


and 


+  fX> 

/  p(x)  dx  =  1 
0 


(2) 


The  cumulative  probability  of  the  Weibull  distribution  (or  the  Weibull  distribution 
function)  has  the  form 

P(x)  =  1  -  exp(-ax^) 


The  graptis  of  several  probabilit’  density  curves  of  the  Weibull  distribution  for  a  con¬ 
stant  value  of  one  of  the  parameters  while  varying  the  other  are  shown  in  Figures  3a 
and  3b.  As  can  be  seen  in  the  figures,  the  value  of  b  tends  to  affect  the  symmetry  of 
the  distribution  and  the  location  of  the  mean,  whereas  the  value  of  a  primarily  affects 
the  location  of  the  mean. 
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By  means  of  a  double-logarithmic  transformation,  the  Weibull  distribution  can  be 
exj)resse(l  as 


In  In 


1 

(1  -  P{x)l 


—  /n  a  +  b  /n  X 


(4) 


The  values  of  a  and  b  can  thus  be  determined  by  the  linear  regression  analysis.  Since 
the  shape  of  the  Weibull  distribution  curve  can  be  altered  from  a  negatively  skewed  to 
a  positively  skewed  distribution  by  adjusting  the  variables  a  and  b,  the  Weibull  distri¬ 
bution  function  is  suitably  tailored  to  approximate  the  5'  PSD's  in  binary  Al-Li  alloys. 
Therefore,  during  the  next  contract  we  will  analyze  the  PSD’s  using  the  Weibull  distri¬ 
bution. 
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TABLE  m-l  COMPOSITION  OF  THE  Al-Li  ALLOYS 


Alloy 

Density 

Li  at.% 

Li  wt.^ 

A1 

1 

2.527 

8.64 

2.37 

Balance 

0 

2.486 

10.70 

2.99 

Balance 

3 

2.479 

11.05 

3.10 

Balance 

4 

2.419 

14.05 

4.04 

Balance 

5 

2.389 

15.55 

4.52 

Balance 
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TABLE  in-2  THE  EFFECT  OF  ALLOY  COMPOSITION,  AGING  TEMPERATURIO, 
AND  AGING  TIME  ON  THE  MEAN  PARTICLE  DIAMETER,  D, 

MEDIAN,  THE  STANDARD  DEVIATION,  s,  AND  THE  COEFFICIENT 
OF  VARIATION,  CV,  OF  THE  PSD  FOR  Al-Li  ALLOYS 


Alloy 


Alloy  1 


Alloy  2 


Alloy  3 


Alloy  4 


Aging 

Temp. 

(°C) 

Aging 

Time 

D 

(A) 

Median 

(A) 

s 

(A) 

CV 

200 

48  hrs. 

337 

340 

81 

0.241 

200 

72  hrs. 

386 

393 

90 

0.233 

200 

96  hrs. 

405 

413 

96 

0.237 

200 

168  hrs. 

491 

500 

114 

0.232 

225 

12  hrs. 

400 

405 

90 

0.225 

225 

24  hrs. 

486 

492 

112 

0.230 

225 

48  hrs. 

615 

621 

143 

0.233 

225 

72  hrs. 

662 

672 

164 

0.248 

200 

48  hrs. 

367 

368 

89 

0.243 

200 

72  hrs. 

460 

457 

117 

0.254 

200 

96  hrs. 

525 

535 

120 

0.229 

200 

1  week 

569 

578 

136 

0.239 

200 

10  days 

654 

646 

165 

0.252 

225 

12  hrs. 

461 

465 

119 

0.260 

225 

48  hrs. 

751 

750 

191 

0.254 

225 

72  hrs. 

693 

701 

181 

0.261 

225 

96  hrs. 

800 

797 

214 

0.267 

200 

48  hrs. 

378 

382 

95 

0.251 

200 

72  hrs. 

466 

476 

123 

0.264 

200 

96  hrs 

546 

549 

120 

0.220 

200 

1  week 

618 

621 

139 

0.225 

200 

10  days 

689 

696 

159 

0.231 

225 

12  hrs. 

439 

448 

111 

0.2.54 

225 

24  hrs. 

598 

611 

164 

0.275 

225 

48  hrs. 

689 

696 

189 

0.274 

225 

72  hrs. 

724 

725 

192 

0.265 

200 

48  hrs. 

432 

404 

151 

0.350 

200 

72  hrs. 

482 

470 

145 

0.301 

200 

96  hrs. 

551 

542 

154 

0.279 

200 

1  week 

636 

636 

181 

0.285 

200 

10  days 

729 

723 

209 

0.287 

225 

12  hrs. 

483 

470 

149 

0.308 

225 

24  hrs. 

758 

748 

244 

0.323 

225 

48  hrs. 

969 

988 

274 

0.282 

225 

72  hrs. 

960 

961 

262 

0.272 

225 

96  hrs. 

952 

932 

261 

0.274 
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TABLE  in-2  Continued 


Alloy 

Aging 

Temp. 

(°ci 

Aging 

Time 

D 

(A) 

Median 

(A) 

s 

(A) 

CV 

Alloy  4* 

225 

12  hrs. 

558 

545 

154 

0.277 

225 

18  hrs. 

678 

662 

189 

0.279 

225 

24  hrs. 

706 

705 

195 

0.277 

226 

36  hrs. 

858 

853 

264 

0.308 

225 

48  hrs. 

900 

880 

258 

0.287 

225 

60  hrs. 

962 

952 

277 

0.287 

225 

72  hrs. 

998 

1001 

314 

0.315 

225 

84  hrs. 

1071 

1075 

323 

0.301 

225 

144  hrs. 

1085 

1058 

288 

0.265 

Alloy  5 

200 

48  hrs. 

493 

483 

144 

0.292 

200 

72  hrs. 

541 

531 

169 

0.312 

200 

96  hrs. 

574 

571 

164 

0.286 

200 

1  week 

741 

735 

221 

0.298 

200 

10  days 

810 

788 

236 

0.291 

225 

12  hrs. 

719 

708 

233 

0.324 

225 

24  hrs. 

906 

872 

306 

0.338 

225 

48  hrs. 

1080 

1063 

361 

0.334 

225 

60  hrs. 

1095 

1071 

301 

0.275 

225 

72  hrs. 

1104 

1061 

404 

0.366 

225 

84  hrs. 

1197 

1193 

322 

0.269 

225  96  hrs.  1222 

LSW  Predicted  Value 

1216 

0.215 

357 

0.292 

*  replicate 

CV:  coefficient  of  variation  =  s/D 
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TABLE  ra-3  COEFFICIENT  OF  SKEWNESS  AND 
COEFFICIENT  OF  KURTOSIS 


Specimen 

No. 

%  Li 

Aging 

Temo. 

Aging 

Time 

Coeff.  of 
Skewness 

Coeff.  of 
Kurtosis 

1 

2.4 

200 

48  hrs. 

-0.3537 

-0.5665 

51 

72  hrs. 

-0.2355 

-0.5799 

•n 

55 

96  hrs. 

-0.4105 

-0.2947 

51 

1  week 

-0.4068 

-0.3105 

2 

3.0 

200 

48  hrs. 

-0.3858 

-0.4196 

n 

11 

72  hrs. 

-0.1052 

-0.2176 

» 

55 

96  hrs. 

-0.2070 

-0.2211 

51 

1  week 

-0.2836 

-0.2774 

55 

55 

10  days 

-0.1666 

0.0260 

3 

3.1 

200 

48  hrs. 

-0.2235 

0.0107 

55 

55 

72  hrs. 

-0.3299 

-0.1607 

55 

55 

96  hrs. 

-0.2871 

-0.4940 

55 

55 

1  week 

-0.4273 

-0.2476 

55 

55 

10  days 

-0.3677 

-0.2777 

4 

4.0 

200 

48  hrs. 

0.2698 

-0.9692 

55 

55 

72  hrs. 

0.3192 

-0.1839 

55 

55 

96  hrs. 

0.2701 

-0.2355 

55 

55 

1  week 

-0.0534 

-0.2356 

55 

55 

10  days 

0.1057 

-0.3833 

5 

4.5 

200 

48  hrs. 

0.2017 

-0.2591 

55 

55 

72  hrs. 

0.2572 

-0.1905 

55 

55 

96  hrs. 

0.0771 

-0.1265 

55 

55 

1  week 

0.0075 

-0.4723 

55 

55 

10  days 

0.1765 

-0.2929 

1 

2.4 

225 

12  hrs. 

-0.4702 

-0.0993 

55 

55 

24  hrs. 

-0.3358 

-0.5289 

55 

55 

48  hrs. 

-0.4398 

-0.1214 

55 

15 

72  hrs. 

-0.3047 

-0.8057 

2 

3.0 

225 

12  hrs. 

-0.3741 

-0.4574 

55 

55 

48  hrs. 

-0.2639 

-0.4162 

55 

55 

72  hrs. 

-0.2916 

-0.5094 

55 

55 

96  hrs. 

-0.1227 

-0.4901 

3 

3.1 

225 

12  hrs. 

-0.3788 

-0.4263 

55 

55 

24  hrs. 

-0.3540 

-0.3666 

55 

55 

48  hrs. 

-0.1782 

-0.6279 

55 

55 

72  hrs. 

-0.2295 

-0.2182 
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TABLE  in-3  Continued 


Specimen 

No. 

%Li 

Aging 

Temo. 

Aging 

Time 

Coeff.  of 
Skewness 

Coeff.  of 
Kurtosis 

4 

4.0 

225 

12  hrs. 

0.0809 

-0.4574 

4* 

51 

55 

55 

0.0760 

-0.6081 

4* 

55 

55 

18  hrs. 

0.2049 

0.0009 

4 

55 

55 

24  hrs. 

0.0674 

-0.6241 

4* 

55 

55 

55 

0.2633 

0.4263 

4* 

55 

55 

36  hrs. 

0.1205 

-0.0974 

4 

55 

55 

48  hrs. 

-0.0534 

0.0040 

4* 

55 

55 

55 

0.3297 

0.1902 

4* 

55 

55 

60  hrs. 

0.0451 

-0.0764 

4 

51 

55 

72  hrs. 

-0.0324 

-0.0942 

4* 

55 

55 

55 

0.0622 

-0.9025 

4* 

55 

55 

84  hrs. 

0.1283 

-0.3969 

4 

55 

55 

96  hrs. 

-0.0322 

-0.4177 

4* 

55 

55 

144  hrs. 

0.0541 

-0.5364 

5 

4.5 

225 

12  hrs. 

0.2770 

-0.5948 

55 

55 

24  hrs. 

-0.0896 

-1.3003 

55 

55 

48  hrs. 

0.0596 

-1.1035 

55 

*5 

60  hrs. 

0.1067 

-0.3642 

55 

55 

72  hrs. 

-0.1007 

-1.5862 

55 

55 

84  hrs. 

0.0450 

-0.3575 

55 

55 

96  hrs. 

-0.0653 

-0.1895 

LSE  Predicted  Value 

0.9200 

*  Replicate 
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TABLE  IV- 1. 
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Measured  Densities  for  the  Various  Al-Li-Cu-Mg  Alloys 
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SECTION  IV. 

PRELIMINARY  DIFFERENTIAL  SCANNING  CALORIMETRY  (DSC) 
RESULTS  IN  THE  Al-Cu-Mg-Li  SYSTEM 

INTRODUCTION 

The  melting  reactions  and  precipitation  reactions  which  include  infor¬ 
mation  on  the  temperatures,  compositions  and  the  phases  are  important 
not  only  academically  but  are  also  of  importance  commercially.  Detailed 
information  about  the  stable  and  metastable  diagrams  in  the  Al-Li-Cu- 
Mg  system  is  not  available.  The  purpose  of  this  study  is,  therefore, 
directed  toward  supplying  some  of  this  needed  information. 


RESULTS 

The  results  of  density  and  dififerential  scanning  calorimetry  (DSC) 
measurements  are  summarized  in  Table  FV'-l.  On  that  table  Tg  refers  to 
a  possible  eutectic  reaction,  Tg  a  solidus  reaction,  and  T^^  a  liquidus 
reaction. 


PROPOSED  RESEARCH 

During  the  next  contract  period  we  will  continue  the  calorimetry  stu¬ 


dies. 
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TABLE  IV- 1. 

Measured  Densities  for  the  Various  Al-Li-Cu-Mg  Alloys. 


ALLOY 

Cu  Mg  Li 
Iweieht  percent) 

Density 

(gm/cc) 

Te 

°C 

Ts 

°C 

Tm 

°C 

101 

1.3 

.8 

.7 

2.874 

613 

102 

1.3 

.5 

1.0 

2.721 

614 

103 

1.3 

.3 

1.3 

2.804 

620 

104 

3.7 

.3 

1.3 

105 

3.5 

1.0 

1.9 

2.688 

538 

106 

2.4 

.5 

2.1 

2.883 

531 

107 

2.8 

1.7 

1.9 

2.597 

540 

108 

2.7 

1.4 

2.5 

2.583 

545 

109 

2.5 

.9 

2.6 

2.588 

548 

110 

2.8 

.5 

2.5 

2.589 

549 

111 

2.3 

1.8 

2.4 

2.566 

544 

112 

2.2 

1.3 

2.3 

2.630 

550 

113A 

0.6 

2.4 

2.7 

2.663 

542 

113B 

0.9 

2.4 

2.6 

2.574 

114 

2.3 

.5 

2.2 

2.590 

547 

115A 

2.1 

1.3 

3.5 

2.552 

560 

115B 

1.9 

1.6 
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